Abstract The great Sanhe-Pinggu M8 earthquake occurred in 1679 was the largest surface rupture event recorded in history in the northern part of North China plain. This study determines the fault geometry of this earthquake by inverting seismological data of present-day moderate-small earthquakes in the focal area. We relocated those earthquakes with the double-difference method. Based on the assumption that clustered small earthquakes often occur in the vicinity of fault plane of large earthquake, and referring to the morphology of the long axis of the isoseismal line obtained by the predecessors, we selected a strip-shaped zone from the relocated earthquake catalog in the period from 1980 to 2009 to invert fault plane parameters of this earthquake. The inversion results are as follows: the strike is 38.23°, the dip angle is 82.54°, the slip angle is -156.08°, the fault length is about 80 km, the lower-boundary depth is about 23 km and the buried depth of upper boundary is about 3 km. This shows that the seismogenic fault is a NNE-trending normal dip-slip fault, southeast wall downward and northwest wall uplift, with the right-lateral strike-slip component. Moreover, the surface rupture zone, intensity distribution of the earthquake and seismic-wave velocity profile in the focal area all verified our study result.
Introduction
An earthquake with magnitude 8.0 has occurred in SanhePinggu area, to the northeast of Beijing on Sep. 2, 1679, which was the largest surface rupture event recorded in history in the northern part of North China plain (Xu et al. 2002) . The surface deformation zone of this earthquake, however, is indistinct, since the event occurred in plain area, so that the seismic fault was buried by Quaternary sediment, and it has long been reformed by natural effect and human activity. In recent years, there is a great deal of research work on the tectonic problem of this earthquake (Peng et al. 1981; Meng et al. 1983; Xiang et al. 1988) . To explore the fine crustal structure and deep tectonic setting, the predecessors had carried out a series of geophysical surveying of this earthquake by means of wide-angle and deep seismic reflection profiling Zhao et al. 2004 Liu et al. 2011) , electromagnetic array profiling and magnetotelluric sounding (Deng et al. 2001) , seismic tomography (Yu et al. 2003; Huang and Zhao 2004; Lei et al. 2008) . The detailed investigation of the crustal structure and seismotectonic of this region is very important for the understanding of physics of continental earthquakes and for the assessment and mitigation of seismic hazard.
The seismic causal tectonic activity often originated in the deep of the crust, surface geological observations are not enough to clarify the deep crustal structure and process. The high-sensitivity seismographs are needed to draw the underground faint vibration of epicenter concentrated zone, which may be the ground trace of the deep seismic faults (Fu 1963) . Large earthquakes are typically followed by aftershock activity that decays to a lower level interpreted as ''normal'' background seismicity. This transition is difficult to identify precisely, because defining it depends on the area treated as the aftershock zone and the criterion used (Stein and Liu 2009 ). Present earthquake hazard assessments typically assume that recent small earthquakes indicate the location of large future earthquakes. But what if some of these recent earthquakes are instead aftershocks of earlier large events? There was still activity of many small earthquakes after the elapse of several decades, or hundreds of years to event nearly one thousand years in many large earthquake areas, a great deal of small earthquakes usually occurs on the fault plane and its vicinity (Wang 1985) . So the spatial distribution of the small earthquakes, if well located, can give a precise description of the geometry of the fault plane of historical great earthquakes. The previous studies, such as the Cixian earthquake (Diao et al. 1999) , the Linfen and Hongdong earthquakes (Hu et al. 2002) , indicate the method that determine the 3D characteristics of seismic faults for historical strong earthquakes based on the present-day small earthquake clusters is proved to be feasible in practice. However, this method have not been quite quantitative, improvement on quantitative determination of fault plane using locations of small earthquakes is very much needed. Wan et al. (2008) recently developed a robust algorithm to invert the fault plane parameters of strong earthquakes on the basis of small earthquake clusters and regional stress field, which is used for the 1976 Tangshan strong earthquake sequence and estimated fault planes are close to the results of previous studies, attesting the validity of this method. Fault plane parameters of the 1668 Tancheng earthquake (Zhou et al. 2010 ) and the 1879 southern Wudu earthquake (Liu et al. 2012 ) are inverted by the method proposed by Wan et al. (2008) , and the results give a precise description of the geometry of focal fault, which is proved to be an effective method for the active fault exploration and focal fault determination of historical great earthquakes.
In this paper, the fault plane parameters of the 1679 Sanhe-Pinggu M8 earthquake is determined by the algorithm proposed by Wan et al. (2008) on the basic of present-day seismological data. Combining with the surface rupture zone, tectonic structure, seismic profile and isoseismal data, the author analyzes 3D characteristics of the focal fault and the deep-shallow tectonic feature in the source region of Sanhe-Pinggu M8 earthquake.
Data and method
The area of the Sanhe-Pinggu earthquake is within the Beijing area, where the seismic network construction is early in 1966, seismic stations (black triangles in Fig. 1 ) are dense and data records are rich and complete. It should be particularly point out that since 2002 the digital Seismic Network of Capital Area, equipped with digital seismographs with real time data transmission capacity, has been in operation. A great deal of valuable digital records of seismic waveforms have been obtained, which provide a necessary database for studying the focal fault of SanhePinggu earthquake in 1679 (Department of Earthquake Disaster Prevention, State Seismological Bureau 1995) (red diamond in Fig. 1 ). On the other hand, along with the development of earthquake location technology, precisions of small earthquake locations have been greatly improved, and measurements of precisely located small earthquakes have been rapidly accumulated. All of these have made it possible to determine quantitatively the geometries of seismogenic fault in depth using small earthquake clusters.
In this paper, the authors first use the Hypo2000 algorithm (Klein 1978) to relocate the small and moderate-sized earthquakes occurred in the focal region from 1 January 1980 to 31 December 2009 with a seismic velocity model given by Yu et al. (2003) . Then we relocated those earthquakes using the double-difference algorithm (Waldhauser and Ellsworth 2000) under the same velocity model. After removing the events whose errors are greater than 1 km and those too scattered to be solved effectively by double differencing, we end up with the high-precision locations of the small earthquakes, which make it possible to accurately outline the fault plane of the Sanhe-Pinggu earthquake.
It is a new algorithm proposed by Wan et al. (2008) to determine the fault plane parameters of great earthquakes on the basis of small aftershocks distribution and regional stress field. The algorithm combines global search with the simulated annealing and Gauss-Newtonian methods in its iteration for the optimal solution and also provides error estimates for the parameters. We present a mathematical model for the basic idea of this algorithm to search for a plane which minimizes the sum of the squares of the distances from the small earthquakes locations to the plane, and solve for the strike, dip and upper/lower bounds of the seismogenic fault on the basis of the fault plane. Then based on the assumption that the fault slip direction coincides with the shear stress direction of the local stress filed projected on the fault plane, the slip of fault plane can be computed from the parameters of regional stress field.
The location of the fault plane can be determined on the basis of the concentration extent of those precisely located small earthquakes. It is reasonable to believe that the same group of small earthquakes which have been used to locate the fault position can also be used to identify the periphery of the fault plane. We assume that 90 % of these small events are located within the boundaries, and only 10 % fall outside of the fault plane region. So we take the depth separating the uppermost 2.5 % of the small earthquakes from the rest as the upper boundary, the depth separating the lowermost 2.5 % of the small earthquakes as the lower boundary, the vertical line separating the leftmost 2.5 % of the small earthquakes as the left boundary, and the vertical line separating the rightmost 2.5 % of the small earthquakes as the right boundary of the fault plane, respectively. Therefore the four top points of the rectangular shaped fault plane for this earthquake can be determined.
To invert the parameters of focal fault, one must first know the strikes and dip angles of three principal stress axes of the local tectonic stress field, which can be obtained by deriving the tectonic stress field from the focal mechanism solutions of present-day earthquakes occurred near the focal region. Wan (2010) divide the whole China into 2°9 2°subregions and determine the tectonic stress direction and stress ratio in each subregion using the crustal stress database in China and its adjacent areas (Xie et al. 2003) and CMT catalog (Dziewonski et al. 1981 ) from 1976 to 2005. Our research area is included in one subregion. Taking into account the M8 earthquake should be controlled by the tectonic stress field, and the maximum principal stress direction at the century scale is stable. So, we chose the suitable parameters of the tectonic stress field from Wan's results (2010) for this research (Table 1) . These data indicate that the modern crustal stress activity is mainly horizontal movement, so the earthquakes almost belong to strike-slip type.
3 3D characteristics of the focal fault of Sanhe-Pinggu M8 earthquake
The range of data selection for the focal fault of SanhePinggu earthquake in shown in Fig. 1 , which is determined according to the spatial distribution of precisely located small earthquake occurred on the Xiadian fault zone in combination with geological investigation. 216 small earthquakes are selected for inversion and all of them are within the area of intensity X (Department of Earthquake Disaster Prevention, State Seismological Bureau 1995), which is also coinciding with the data selection range. The section where these epicenters are located is the shatter segment of seismogenic fault and also the aftershock distribution zone of Sanhe-Pinggu M8 earthquake (Fig. 1) . The basic data of fault inversion are shown in Fig. 2 . The fault derived from the inversion is almost upright (Fig. 2c) . Because there are more small earthquakes precisely located and the errors of fault strike and dip angle are very small, therefore, the distance distribution of small earthquakes to the inverted fault plane (Fig. 2d) shows that most small earthquakes are distributed near the derived fault plane and they are basically in a symmetrical pattern on both sides with respect to the fault plane. Nevertheless, the earthquakes located on the southeast side immediately near the fault plane are slightly more in number.
The major parameters of fault inversion result are listed in Table 2 . The least squares fitting values of strike angle, dip angle, and distance to the origin are 38.23°, 82.54°, and 0.006 km, respectively, with the standard error of 0.93°, 2.80°, and 0.26 km; and it means that the strike of the inverted fault plane is 38.23°and the dip angle is 82.54°. The coordinate locations of the four vertexes of the fault plane are shown in Table 2 . The calculated slip angle of the fault plane is -156.08°and the residual is 5.81°. The fault is almost upright and its length is about 80 km. Its dislocation is characterized by right-lateral strike-slip with a little bit normal fault as well.
4 Comparative analysis of the focal fault, tectonic fault, surface rupture and intensity distribution According to the above inversion result, the 1679 SanhePinggu M8 earthquake was a high-dip strike-slip dislocation. The strike of focal fault was about 38.2°and the dip angle was about 82.5°, slightly dipping toward the southeast. The slip angle was about -156°. The fault length was about 80 km, the lower-boundary depth was 23 km, the buried depth of upper boundary was about 3 km, and the lower boundary of predominant depth of present-day small earthquakes was about 20 km. The 1679 Sanhe-Pinggu M8 earthquake is the latest surface rupture event occurred on the New Xiadian Fault, which is the boundary fault between Dachang depression and Daxing uplift. The surface rupture zone (red line in Fig. 1 ) of this great earthquake initiated from Dongliuhetun and extends toward northeast through Pangezhuang, Qixinzhuang, to Dongxingzhuang area, generally striking N40°-45°E, having a total length of 10 km or more. It consists of left-handed arrangement of several NE-ENE Table 2 Fault plane of the Sanhe-Pinggu M8 earthquake determined using precisely located small earthquakes trending fault scarps, knick bands of topographic slopes and fault sags, forming a surface fracture zone characterized by dextral tensile-share dislocation (Xiang et al. 1988) . These indicate this earthquake belongs to normal dip-slip fault type, southeast wall downward and northwest wall uplift, with the right-lateral strike-slip component (Peng et al. 1981; Meng et al. 1983; Xiang et al. 1988) . The slip angle of fitted focal fault is -156°, which show a right-lateral strikeslip dislocation with a little bit normal fault as well. It is basically coincident with the geological investigated results.
The long axis strike of isoseismal line is NNE, which is consistent with the strike of New Xiadian Fault, surface rupture zone (Fig. 1 ) and the projection of focal fault (green ling in Fig. 1 ), which deviated toward northwest. Through precise relocation, small cluster is within the area of intensity X. The data fitting on the basis of moderatesmall earthquakes occurred in the present day is to suppose the seismogenic fault of historical great earthquakes still has inheritance activities at present and they still occur on the fault plane of that great earthquake or on the rock mass Fig. 3 Velocity structure obtained by single-fold reflection section (Liu et al. 2011) , present-day small earthquakes (red solid circles) and projection (red line) of the focal fault of the Sanhe-Pinggu M8 earthquake. The yellow circle is the hypocenter of M8 earthquake. The dash line denotes the New Xiadian Fault (F1) of both sides. The fitted results are distributed in the range of 3-23 km and the constraint for the shallow stratum is not strict. Since the events are not completely homogenously distributed on the whole fault plane, fine division is not made in details.
To understand the fine deep-shallow tectonic feature, Liu et al. (2011) carried out a single-fold deep seismic reflection profiling and a shallow seismic reflection profiling (Fig. 3) in the Sanhe-Pinggu earthquake source region. The seismic reflection profile reveals that the deep fault in crust coincides well with the active fault in the shallow subsurface, the deep fault has a larger dip angle, which is parallel to the focal fault, and extends upward into the upper crust, and joins the crustal deep structure to the shallow active fault. The interface reflect wave between the upper and lower crust Tc at the two-way travel-time 7 s is about 20-21 km deep. The interface acts as a transitional zone between the brittle upper crust and the ductile lower crust, and plays a role to transmit energy and decouple between them. Strain energy is liable to accumulate and release in the location with this kind of velocity and great earthquake is prone to occur here. The lower boundary of the focal fault is located on the interface, seismicity (red solid circles in Fig. 3 ) just terminated here. The focal fault was projected on the seismic profile; the focal fault (red line in Fig. 3 ) deviated southeast toward the deep fault revealed by the deep seismic reflection profile. Therefore, it has indirectly proved that the location of the focal fault determined in this paper is reasonable.
Discussion and conclusions
In this paper, we successfully inverted the seismic fault plane parameters of Sanhe-Pinggu M8 great earthquake based on spatially clustered small earthquakes occurred in the source region with the algorithm proposed by Wan et al. (2008) . The fault rupture parameters match the results of previous studies constrained by different dataset. So the authors suggest that although Sanhe-Pingu earthquake occurred more than 300 years ago, the present-day small earthquakes near the focal region can also precisely determine the geometry of this great earthquake fault. The inversion result is a right-lateral strike-slip dislocation of the high-dipping fault, which has a strike of 38.2°and a length of 80 km. Tilting slightly to the SE, the fault is nearly upright with a slip angle of -156°and a little bit normal dip-slip. The lower-boundary depth of the fault is 23 km; the berried depth of the upper boundary is about 3 km. The inverted result is verified to be reliable by the data from geological investigation and deep seismic reflection profile. However, the inverted length of the seismic fault is longer than that determined by the geological investigation on the basis of surface fracture, which is coincident with the rupture length of a M8 earthquake.
In recent years, with the improvement of digital seismic observation technology and wide deployments of digital seismic networks, the capability of earthquake monitoring has been improved significantly and the seismic phase pickings have become more and more accurate. More interests have grown in using spatial distributions of small earthquakes to detect tectonic structures and solve for related geophysical problems. Analyzing the 3D characteristics of precisely located present-day moderate-small earthquakes occurred in the source region of historical strong earthquake, the authors consider that the present epicentral locations are coincident to the distribution pattern of main shock and aftershocks of M8 strong earthquakes. It means that the supposition is tenable that the moderate-small earthquakes in the region of historical strong earthquake are the inheritance activities on the fault plane or on the rock masses of both sides of the historical great earthquake. Therefore, the characteristics of the source volume of the great historical earthquakes can be determined by the spatially clustered small earthquakes. Attempt to estimate the spatial orientation and move pattern of the focal fault based on the present-day seismological data, it is useful in understanding the seismogenic structure of historical earthquakes. In particular, using seismic data collected from projects of active fault detection in urban areas, one can apply this method and independently determine geometries of active faults from a large number of precisely located small earthquakes, and further obtain mechanical properties of the faults using the local stress field parameters. The authors can conclude that this method is of referential significance for the similar research in the future.
